Insects are the most abundant animals on Earth, and the microbiota within their guts play important roles by engaging in beneficial and pathological interactions with these hosts. In this study, we comprehensively characterized insect-associated gut bacteria of 305 individuals belonging to 218 species in 21 taxonomic orders, using 454 pyrosequencing of 16S rRNA genes. In total, 174,374 sequence reads were obtained, identifying 9,301 bacterial operational taxonomic units (OTUs) at the 3% distance level from all samples, with an average of 84.3 (؎97.7) OTUs per sample. The insect gut microbiota were dominated by Proteobacteria (62.1% of the total reads, including 14.1% Wolbachia sequences) and Firmicutes (20.7%). Significant differences were found in the relative abundances of anaerobes in insects and were classified according to the criteria of host environmental habitat, diet, developmental stage, and phylogeny. Gut bacterial diversity was significantly higher in omnivorous insects than in stenophagous (carnivorous and herbivorous) insects. This insect-order-spanning investigation of the gut microbiota provides insights into the relationships between insects and their gut bacterial communities.
Ji
. Bacterial mutualists in insect guts play an important role in regulating the host's metabolism, and they also promote efficient digestion for extraction of maximum energy from ingested foods (2) and protect the host from other, potentially harmful microbes (3) . In addition to beneficial functions, the insect gut microbiota may also engage in opportunistically harmful interactions with the host (4-6). Our previous study on Drosophila flies revealed that alterations in the gut microbiota induced by the host's deregulated immune genotype led to host mortality (7) .
The microbiota of the insect gut has been analyzed using both culture-dependent (8) (9) (10) and culture-independent (11) (12) (13) (14) (15) methods. However, culture-dependent methods often produce biased results, depending upon the conditions and techniques used. Culture-independent molecular ecological approaches based on analysis of the 16S rRNA gene have yielded a better and more comprehensive picture of bacterial communities and have resulted in a dramatic improvement in our understanding of the microbes living within the guts of insects. The use of recent advances in molecular biology and the application of high-throughput next-generation sequencing technologies to microbial ecology have shown that the diversity in microbial populations is significantly higher than previously estimated by traditional culturebased and conventional molecular methods and that "rare biospheres" may be masked by dominant microorganisms (16) . Comprehensive analysis of the bacterial diversity within a host species is a prerequisite in both insect physiology and microbial ecology to allow a better understanding of the ecological roles of insect symbionts and interactions with their insect hosts. However, most studies on gut bacterial diversity have been taxon specific, focusing on insects such as termites (10, 17, 18) , ants (19) (20) (21) , fire bugs (22) (23) (24) , fruit flies (13, 15, 25) , beetles (9, 26, 27) , and bees (28) (29) (30) (31) , leaving a need for broader and systematic characterization and comparison across all insects.
To date, there are no reports regarding the general pattern and composition of gut microbes in diverse orders of Insecta, even though previous research on bacterial diversity in insects has focused mostly on a phylogenetically restricted group of insect taxa. We now need to confirm the symbiotic relationships between hosts and their gut bacteria for diverse insects; therefore, the present study aimed to make a comprehensive, insect-order-spanning investigation of the gut microbiota by use of an extensive sampling strategy and deep-sequencing technology. In particular, this work focused on the detailed bacterial profiles within the insect gut and the effects of the environmental habitat, diet, developmental stage, and phylogenetic position of insect hosts on the composition of the insect gut microbiota.
MATERIALS AND METHODS
Insect sampling. A total of 305 insect specimens representing 218 species were collected from 15 sites in South Korea between April 2010 and March 2012 (see Table S1 and Fig. S1 in the supplemental material) and were transferred immediately to the laboratory for DNA extraction. The collected insects belonged to 21 different orders of Insecta: Archaeognatha, Blattaria, Coleoptera, Dermaptera, Diptera, Ephemeroptera, Hemiptera, Hymenoptera, Isoptera, Lepidoptera, Mantodea, Mecoptera, Megaloptera, Neuroptera, Odonata, Orthoptera, Phasmatodea, Plecoptera, Thysanoptera, Thysanura, and Trichoptera. To investigate the effects of geographical location and insect developmental stage on the gut microbiota, Apis mellifera (honeybee) specimens were collected from five different locations. Specimens of Lycorma delicatula (planthopper) and Illeis koebelei (yellow ladybird) were collected at different developmental stages (larva and adult) to determine their gut microbiota. Collected specimens were grouped into four habitat types in a given developmental stage, as follows: "sky" insects that primarily use flight to search for food or a mate, "underground" insects that spend most of their lifetime underground (although they might sometimes be exposed to search for food), "aquatic" insects that are primarily aquatic (including those that feed or mate in water), and "ground" insects that are not categorized in the other habitat types. A host-associated insect sample was excluded from the analysis of the habitat-dependent microbiota.
DNA extraction. Gut samples obtained from the crop to the hindgut of adults and larvae/nymphs were removed using sterile forceps and homogenized by shaking in a sterile tube containing glass beads (0.5-mm diameter) and 0.5 ml STES buffer (1% SDS, 0.2 M Tris-HCl [pH 7.6], 10 mM EDTA, 0.5 M NaCl) for 15 min, using a CM-1000 mixer (Eyela, Tokyo, Japan). For very small insects (i.e., Isoptera sp., Thrips palmi, and Bemisia tabaci), DNAs were extracted from whole bodies after washing twice in 100% ethanol. Genomic DNA was extracted using standard phenol-chloroform and ethanol precipitation methods (32) . To identify the phylogenetic status of the collected insects, host DNA was also extracted from the legs or bodies by using the same methodology.
Determination of insect 18S rRNA gene sequences and phylogenetic analysis of insects. Insects were initially named on the basis of morphological characteristics before their identity was resolved using 18S rRNA gene sequencing. The 18S rRNA genes were amplified from insect DNA by using Maxime PCR PreMix (i-Taq) (iNtRON Biotechnology, South Korea) and the primer pair 18S-1L (5=-TACCTGGTTGATCCTGCCAGT-3=) and 18S-3R (5=-CCTACGGAAACCTTGTTACG-3=) or 18S-1.2F (5=-TGCTTGTCTCAAAGATTAAGC-3=) and 18S-7R (5=-GCATCACAGAC CTGTTATTGC-3=). Conditions for PCR were initial denaturation for 10 min at 95°C, followed by 30 cycles of 95°C for 30 s, 58°C for 45 s, and 72°C for 1 min 20 s and a final extension step of 10 min at 72°C. PCR products were sequenced using an ABI Prism 3730XL DNA analyzer (Applied Biosystems). Amplified 18S rRNA gene fragments were assembled using SeqMan, and the sequences (approximately 1,000 bp) were then compared with others deposited in the nucleotide collection (nr/nt) in GenBank, using BLASTN searches. Alignment of 18S rRNA gene sequences was performed using ClustalW, and a phylogenetic tree was constructed based on the neighbor-joining algorithm, using MEGA5. The 18S rRNA gene sequence of the hard tick Ixodes ricinus (accession no. GU074706) was used as the outgroup.
Pyrosequencing of bacterial 16S rRNA genes. The bacterial compositions of insect guts were determined by PCR amplification of purified genomic DNA by use of Maxime PCR PreMix (i-Taq) (iNtRON Biotechnology, South Korea). PCR amplification of the V1-V2 region of the 16S rRNA gene was performed using the following primers, which contain linker sequences (TC or CA) and eight-base, sample-specific bar-coded sequences (designated X): 8F (5=-X-TC-AGAGTTTGATCCTGGCTCA G-3=) and 338R (5=-X-CA-TGCTGCCTCCCGTAGGAGT-3=). Each sample was replicated three times (technical replicates). The conditions for PCR were as follows: initial denaturation at 94°C for 2 min, followed by 30 cycles of denaturation at 94°C for 1 min, annealing at 60°C for 30 s, and extension at 72°C for 1 min and a final extension step of 10 min at 72°C. Potential contamination of buffers and primer sets was checked by PCRs using DNA-free samples. PCR products were pooled and then purified. Equimolar amounts of amplicons were combined, and the resultant DNA quality was evaluated on a Bioanalyzer 2100 instrument, using a DNA1000 lab chip (Agilent). Pooled DNA samples were then amplified by emulsion PCR before 454 pyrosequencing was performed by a sequencing provider (Macrogen, South Korea), using a GS FLX Titanium system according to the manufacturer's instructions (Roche 454 Life Sciences).
Bacterial 16S rRNA gene sequence analysis. Low-quality sequences that were shorter than 250 nucleotides (nt) or contained more than one ambiguous base and sequences of the 16S rRNA gene primers and bar codes were removed using the trim.seqs script in mothur v.1.30.2 (33) . High-quality sequences were aligned using the Infernal aligner at the Ribosomal Database Project (RDP) website (34) and were trimmed to represent the V1-V2 region by using the BioEdit program for accurate analysis with the same regions and an increase of the alignment speed. Sequences corresponding to chloroplast or eukaryotic genes, which may have been from undigested food particles or host tissues, were removed on the basis of the RDP classifier outcome (threshold bootstrap value of 80%). The remaining 222,465 sequences were aligned against the SILVA alignment database (http://www.mothur.org/w/images/9/98/Silva .bacteria.zip). The pre.cluster scripts in mothur were used to denoise sequences, and the screen.seq, filter.seq, and chimera.slayer scripts in mothur were used to screen for high-quality sequences. Operational taxonomic units (OTUs) were determined using the cluster script with the furthest-neighbor algorithm, based on a 3% distance level, as previously described by Nam et al. (35) . After further processing, 209,535 sequences were used for SILVA-based classification, using the classify.seqs script with the k-nearest-neighbor algorithm, with a bootstrap confidence score of 100 and a bootstrap value of 80 for taxonomic assignment. The closest bacterial relatives were assigned according to the best match in the database. Sequences that were identified as chloroplast (10,402 sequences) and singleton (24,577 sequences) sequences and had bootstrap values of Ͻ80 (182) were removed based on the SILVA-based classification. The remaining 174,374 sequences were used for bacterial community analysis. The mothur package was used to calculate Good's coverage, the abundance-based coverage estimator (ACE), the bias-corrected Chao1 richness estimator, the jackknife estimator of species richness, and the Shannon-Weaver and Simpson diversity indices, and the results (means Ϯ standard deviations [SD] ) are presented in Table S2 in the supplemental material. To determine the bacterial communities at the level of the insect order, the 16S rRNA gene sequences were compared with those in the CAMERA Prokaryotic Nucleotide Sequence Database, with E values of Ͻ10 Ϫ10 for calculation of percent identities of 16S rRNA gene sequences. The acquired percent identities were used for column statistics analysis, using GraphPad Prism 5.0 for Windows (GraphPad Software).
Statistical comparison of bacterial communities based on habitat, diet, developmental stage, and phylogeny. Oxygen requirements for the growth of insect gut bacteria comprising more than 1% abundance in this study were defined as aerobes, microaerobes, facultative anaerobes, and anaerobes, according to genera reported in previous studies (see Table S3 in the supplemental material). The aerobe and microaerobe groups were collectively considered aerobes for this analysis. The classified groups "fungivore" and "no-feed" (according to diet type) and insect orders containing fewer than five samples (phylogenetic position of insect hosts) were not included for the statistical analyses due to low sampling depth. For statistical analyses shown in Fig. 4 and 5, the two-tailed unpaired t test was performed to compare the two different groups of developmental stages. The Kruskal-Wallis test was used to analyze differences between the relative abundances of aerobes, facultative anaerobes, and anaerobes in insects classified by environmental habitat, diet, and phylogeny, and also between species richness and the Shannon indices of the classified insects. P values for pairwise comparisons were corrected with Dunn's posttest, using GraphPad Prism 5.0.
To determine the relationships between bacterial communities and the different factors (environmental habitat, diet, developmental stage, and host phylogeny) shown in Table S4 in the supplemental material, similarities of microbiota composition or structure among groups were qualified and quantified using a metric based on OTU richness (Jaccard) or abundance (Thetayc or Bray-Curtis dissimilarity). Significant effects of group types were tested by analysis of molecular variance (AMOVA), analysis of similarity (ANOSIM), and UniFrac analysis (unweighted and weighted), based on a PHYLIP-formatted distance matrix, using Jclass and Thetayc calculators of community membership and structure similarity, respectively, in mothur. The generated PHYLIP-formatted distance matrix based on Jaccard values was used for principal coordinate analysis (PCoA) to determine microbial community differences across the range of insects classified by environmental factors.
To identify shared OTUs among the gut bacteria of Apis mellifera, Lycorma delicatula, and Illeis koebelei according to geographical location and developmental stage, the make.shared and get.shared.seqs scripts in mothur were used. A comparison of the bacterial diversities in the guts of bees was made using 16S rRNA gene sequences from previous studies (28) (29) (30) . For principal component analysis (PCA), sequences showing abundances of Ͼ1% at the level of bacterial family in each insect sample were used. Profile comparisons were performed using Pearson's correlation (36, 37) with 0.1% optimization, and a dendrogram was generated using the unweighted-pair group method using average linkages (UPGMA) with BioNumerics software (Applied Maths, Belgium).
Comparison of insect and mammalian gut microbiota. Bacterial 16S rRNA gene sequences from mammalian feces were obtained from the published data set (total of 25,851 sequences) reported by Ley et al. (38) . Sequences shorter than 250 nt were removed, and those remaining were trimmed to maintain the V1-V2 region. A total of 24,445 sequences were analyzed by PCoA. The sequences that originated from mammals were analyzed by use of mothur as described above for insect gut bacteria.
Nucleotide sequence accession numbers. The 16S rRNA gene sequences identified in the insect gut microbiota and the 18S rRNA gene sequences of insect samples reported in this study were submitted to NCBI under accession numbers SRA061337 and KC413646 to KC413939, respectively.
RESULTS

Analysis of bacterial 16S rRNA gene sequences.
A total of 174,374 high-quality sequence reads were identified as belonging to the domain Bacteria. Each insect sample had an average of 571.7 (Ϯ544.4) reads (see Table S2 in the supplemental material). The total and average numbers of OTUs for each insect were 9,301 and 84.3 (Ϯ97.7), respectively. Good's coverage, which estimates the percentage of OTUs represented in an insect sample, averaged 92% (Ϯ0.07%), suggesting that the majority of bacterial phylotypes in the insect gut were included in this study.
Taxonomic classification of bacteria in the insect gut. A total of 18 bacterial phyla and unclassified bacteria were detected across 21 orders (Fig. 1) . The majority of sequences were those of the Proteobacteria (62.1% of the classified sequences) and Firmicutes (20.7%), followed by Bacteroidetes (6.4%), Actinobacteria (4.8%), Tenericutes (1.9%), and unclassified bacteria (3.0%) (see Fig. S2 in the supplemental material). At the bacterial class level, 34.1%, 7.5%, and 19.6% of the total sequences represented the Alpha-, Beta-, and Gammaproteobacteria, respectively. Bacilli and Clostridia (belonging to the phylum Firmicutes) represented 18.0% and 2.3% of the sequences, respectively, followed by 4.8% Actinobacteria, 3.1% Bacteroidia, 2.1% Flavobacteria (Bacteroidetes), and 1.9% Mollicutes (Tenericutes). At the family level, the Anaplasmataceae (14.1%) and Enterobacteriaceae (12.0%) were the most dominant. At the genus level, the Wolbachia group (14.1%) was most prevalent. To determine the novelty of the bacterial communities in the insect guts, the 16S rRNA gene sequences reported here were compared with those in the CAMERA database. The mean values for percent sequence identity ranged from 93.1% to 99.2% (average, 97.1% Ϯ 0.10%) (Fig. 2) . Relatively low sequence similarity values were obtained for the orders Megaloptera (mean value, 92.1%), Mecoptera (93.5%), Blattaria (94.7%), Archaeognatha (96.1%), and Plecoptera (96.1%). This indicates that a large number of novel candidate bacterial groups are present in insect guts. On the other hand, sequences assigned to the genus Wolbachia were commonly found in 17 insect orders (Wolbachia was the dominant species in Ephemeroptera, Megaloptera, Diptera, Lepidoptera, Hymenoptera, Orthoptera, Neuroptera, and Dermaptera) but were not present in the 13 insects belonging to the orders Mantodea, Blattaria, Isoptera, and Phasmatodea (Fig.  3a) . Sequences of Rickettsia were present in 19 insect orders, and sequences of Spiroplasma were present in 17 insect orders. "Candidatus Cardinium" sequences were present in only 1 insect order. Although the presence of heritable symbionts varied between individual insects, a large number of specimens harbored these bacteria from the Wolbachia, Rickettsia, and Spiroplasma genera. This indicates that possible bacterial symbionts might be distributed more widely across insect taxa than previously thought.
Diversity in the gut microbiota is associated with the environmental habitat, diet, developmental stage, and phylogeny of the host. The relative abundances of bacteria based on their oxygen demands were determined with respect to environmental habitat, diet, developmental stage, and phylogenetic position of insect hosts. From a total of 303 bacterial genera, 184 were assigned as aerobes (60.7%), 48 as facultative anaerobes (15.8%), and 71 as anaerobes (23.4%), based on the literature. The environmental habitats occupied by the 305 insects were categorized as follows: sky (43.3%), ground (47.9%), underground (4.9%), and aquatic (3.9%) (see Table S1 in the supplemental material). In determining the relationship between gut microbiota and host diet, insects were classified into the following five groups according to feeding preference: herbivore (n ϭ 183), carnivore (n ϭ 62), omnivore (n ϭ 27), scavenger (n ϭ 14), fungivore (n ϭ 10), and "no-feed" (n ϭ 9) (see Table S1 ). There were significant differences in the relative abundances of anaerobes in insects categorized by environmental habitat (Kruskal-Wallis test; P ϭ 0.0006), diet (P ϭ 0.0099), developmental stage (t test; P ϭ 0.0034), and phylogeny (Kruskal-Wallis test; P Ͻ 0.0001). However, the relative abundances of aerobes and facultative anaerobes showed no significant differences between insects, regardless of the categorization factors (Fig. 4) . Aerobes were more abundant in the guts of terrestrial insects (sky, ground, and underground) than in those of the aquatic group of insects. The abundance of anaerobes was significantly higher in the guts of aquatic insects than in the guts of terrestrial insects (P ϭ 0.0006). When bacterial abundances in different developmental stages were compared, anaerobe abundances were significantly higher in the larval stages than in adults (P ϭ 0.0034). Additionally, anaerobes were more abundant in the guts of omnivorous and Blattaria insects, which is supported by a previous report showing that dictyopteran insects, such as cockroaches and termites, have larger proportions of anaerobic Bacteroidia and Clostridia species (39) .
The analysis of bacterial diversity associated with the different host factors (Fig. 5 ) revealed significant differences in the numbers of OTUs between insects with different diets (P ϭ 0.0106) and those at different developmental stages (P ϭ 0.0178). These results were supported by analyses of Shannon diversity indices (P ϭ 0.0020 and P Ͻ 0.0001, respectively). Bacterial diversity was significantly greater in the guts of insects characterized as omnivores than in those of carnivores or herbivores. Analysis revealed significant differences in the numbers of OTUs (P ϭ 0.0178) and the Shannon diversity indices (P Ͻ 0.0001) between insects at different developmental stages. However, no significant differences were observed in either the number of OTUs or the Shannon diversity index between insects categorized by habitat or phylogenetic position.
Bacterial community composition in relation to geographical location and developmental stage of hosts. To investigate the impact of geography on the bacterial community composition of insect guts, honeybees were collected from five different locations (see Fig. S1 in the supplemental material). Knowing that honeybee colonies forage within several kilometers of their nests (an average of 1.5 to 1.7 km) (40, 41), a sufficient distance between the five sampling sites (105.8 Ϯ 14.7 km) was ensured. Figure 6a compares the bacterial diversities in the guts of A. mellifera bees obtained here and in previous studies (28) (29) (30) . Principal component analysis showed that the gut microbiota of honeybees clustered separately from those of other insects (Fig. 6b) . To determine which of the commonly detected OTUs identified in replicates were shared, the 16S rRNA gene sequences were compared with previously published sequences (30) , based on a 3% distance level. From a total of 532 OTUs (11,204 sequences) identified, only 14 (4,017 sequences) were common among the honeybees from the five regions in our study and two bees from Arizona (30) , and these were assigned to the Lactobacillus Firm-4, Lactobacillus Firm-5, Snodgrassella alvi (Beta), and Gilliamella apicola (Gamma-1) groups. OTUs belonging to Alpha-1, Alpha-2, the Frischella perrara (Gamma-2) group, and Lactococcus spp. were commonly found in most of the bees.
Comparisons were made between the compositions of bacterial communities in the guts of planthoppers and yellow ladybirds collected at different developmental stages (Fig. 6c to f) . OTUs shared between both developmental stages were identified in each replicate of a larva or adult by analysis of the common OTUs. In the guts of Illeis koebelei insects, 29 of 357 OTUs were shared at the larval stage, and 3 of the 248 OTUs were common at the adult stage. Only 2 OTUs (183 sequences) were shared between the different developmental stages, and these were assigned to Ralstonia and Frateuria species. In the guts of Lycorma delicatula insects, 2 of the 526 OTUs were assigned to Imtechium and were shared only in the adult stage (Fig. 6e) . PCoA revealed that the bacterial compositions of the gut at different developmental stages of Illeis koebelei and Lycorma delicatula were not tightly clustered (Fig. 6f) . The results indicated that among all the bacteria, only Ralstonia and Frateuria species (Proteobacteria) are commonly found in the gut microbiota of Illeis koebelei.
DISCUSSION
This large-scale study comprehensively examined the insect gut microbiota by using next-generation sequencing. A previous study of 106 individual mammals showed that gut microbiota are dominated by the Firmicutes and Bacteroidetes (82% of classified sequences) (38) . Our study showed that the predominant phyla in the guts of the insects examined were Proteobacteria and Firmicutes, representing 82.8% of the total sequences. This result is supported by a previous study (12) showing that Proteobacteria and Firmicutes were the predominant phyla in 81 insect gut samples, comprising 57.4% and 21.7% of sequences, respectively. Forty-six percent of bacterial OTUs were observed in individual insects only (see Fig. S3 in the supplemental material) . This distribution pattern is similar to the results of a previous study reporting that most bacterial OTUs were confined to a single environmental sample and that a single OTU was not observed in the clone libraries of more than 6 of the 14 habitat types (42) . In this study, PCoA revealed a distinct difference in the compositions of bacterial communities in the guts of insects and mammals, showing that the variation in gut microbiota among insects is much larger than that in mammals (Fig. 7) . Most of the vertebrate gut microbiota, including those of mammals, consisted of Bacteroidetes and Firmicutes as the most dominant phyla (43) . On the other hand, although insect gut microbiota were generally dominated by Proteobacteria and Firmicutes, there were dominant phyla of Bacteroidetes, Actinobacteria, and Tenericutes in some insect samples (Fig. 1) . The dynamic variation in insect gut microbiota can be determined by gut morphology and physicochemical conditions, such as pH and oxygen availability in the insect gut (44, 45) . The insect gut as a bacterial habitat shows different morphologies, generally depending on the insect order (45); furthermore, the gut morphology is sharply changed by metamorphosis, according to the life cycle of the insect (46) . Additionally, the oxygen availability can be influenced by gut shape (47), metabolism of colonizing bacteria (48, 49) , and partial pressure of oxygen from the outside environment (50) , and the pH, from acidic to extremely alkaline conditions, is determined by different gut compartments in diverse insect individuals (51, 52) . These diverse gut conditions may cause the variation in host-specific gut microbiota in insects.
In a recent substantial analysis of the bacteria within whole insect bodies, Jones et al. (11) reported a low bacterial diversity, with fewer than eight phylotypes in each insect sample. This is not consistent with the data presented in this study (84.3 OTUs per sample), where only insect guts harboring most OTUs found in only one sample were analyzed. Jones et al. excluded phylotypes representing less than 1% of the bacterial community in individual samples. The purpose of this study was to characterize bacterial populations within the guts of insects by using a deep-sequencing approach where all 16S rRNA gene sequences were analyzed, apart from singletons. This approach of analyzing rare sequences may produce inconsistent results on the diversity of insect-associated bacteria. The unexpectedly higher community diversity in insect guts may be supported by the fact that most OTUs were found in only one sample (see Fig. S3 in the supplemental material) and that the insect microbiota, including environmental bacteria, can be highly variable (45) . In comparing the bacterial 16S rRNA gene sequences from this study with those reported previously, bacteria with relatively low percent identities (e.g., Clostridiales bacterium canine oral taxon 141 from Ephemeroptera had 82.5% identity, Desulfovibrio sp. ABHU2SB from Megaloptera had 82.6% identity, and Desulfuromonadales bacterium Tc37 from Diptera had 82.7% identity) were recovered from insect guts (Fig. 2) , suggesting a remarkably diverse population of novel bacterial taxa with low 16S rRNA gene sequence similarity. These newly identified members of the insect gut microbiota may enable us to discover new bacterial lineages with more extensive sequencing and cultivation efforts. The 16S rRNA gene sequences with relatively low similarities found in the orders Megaloptera and Mecoptera are of particular interest for under-
FIG 4
Relative abundances of insect gut bacterial groups, categorized by their oxygen requirements, according to the hosts' environmental habitat, diet, developmental stage, and phylogenetic position. White, gray, and black bars represent aerobes, facultative anaerobes, and anaerobes, respectively. The bacteria were characterized based on previous descriptions of the phenotypic features of each of the bacterial genera, as shown in Table S3 in the supplemental material. Asterisks indicate statistically significant differences among all pairs of relative abundances (*, P Ͻ 0.05; **, P Ͻ 0.01).
standing the origins and functions of these bacteria, because the adult insects do not feed and their juvenile guts are shed when they metamorphose into adults.
Members of the genus Wolbachia infect many members of the Arthropoda (53, 54) and were predominant among the heritable symbionts identified. Our study showed that Wolbachia sequences were found in 166 of the 305 insect samples (54.4%); this is higher than levels reported by previous studies (17 to 35%) for diverse insect species, based on the PCR detection approach (55, 56) , and higher than a recent estimation of Wolbachia prevalence (40%) (57) . The distribution of the insect hosts harboring Wolbachia in the present study was much wider than previously reported. Studies by Jeyaprakash and Hoy (58) and Russell et al. (59) showed that Wolbachia strains were found in 18 different insect orders (Blattaria, Coleoptera, Dermaptera, Diptera, Hemiptera, Homoptera, Hymenoptera, Isoptera, Lepidoptera, Neuroptera, Odonata, Orthoptera, Phthiraptera, Plecoptera, Siphonaptera, Strepsiptera, Thysanoptera, and Thysanura); however, we identified Wolbachia in five additional insect orders (Arcaeognatha, Ephemeroptera, Mecoptera, Megaloptera, and Tricoptera), suggesting that Wolbachia strains may be more widespread throughout the insects. We also found that the frequency of Wolbachia sequences within a species indicates a "most-or-few" infection pattern, showing a very high (Ͼ90%) or low (Ͻ10%) infection frequency (Fig. 3b) , in accordance with a statistical analysis reported by Hilgenboecker et al. (54) . Despite several reports about the distribution of intracellular symbionts that regulate host reproduction, such as Wolbachia, Spiroplasma, and "Candidatus Cardinium" (53) (54) (55) (56) (58) (59) (60) , there are few studies addressing the broad distribution of hostspecific bacteria from a wide range of insect hosts.
Relative bacterial abundances in the gut varied according to the environmental habitats of the insects and were most likely associated with the levels of oxygen. Insects adapt to different environmental habitats, in which oxygen availability is variable (61) . Previous studies of wood-feeding termites reported that bacteria contribute to the hypoxic environment in the peripheral compartment of the hindgut, with their respiratory activities consuming oxygen that penetrates into the hindgut, resulting in a significant oxygen sink (10, 48) . This hypoxic environment can be disturbed when the levels of diffused oxygen exceed the oxygen-consuming capability of these hindgut bacteria (62) . An increased partial pressure of oxygen induces oxic conditions in the hindgut of the wood-feeding lower termite (50) . In the present study, we found significant differences in the relative abundance of anaerobes depending on the environmental habitat occupied by the host (Fig.  4) . The host habitat may influence the community composition of the insect gut microbiota.
Diet is a controlling factor for microbial diversity. In the mammalian gut, the diversity of bacteria increases according to host diet, from carnivores to omnivores to herbivores (38) . The intestinal bacteria of insects such as termites and aphids produce compounds that are essential and otherwise inaccessible for the host (e.g., detritus, phloem, sap, wood, and xylem) (28, 63, 64) . Most studies on the relationships between insect diet and the distribution of gut microbiota have tended to focus on specific microbes in a single insect group; however, a recent, wider-ranging study based on previously published and newly generated 16S rRNA gene sequences from 62 insect species from seven orders reported that both host diet and taxonomy affect insect gut bacterial communities (12) . In our study of phylogenetically diverse insects from a range of habitats and environments, we found that gut bacterial diversity (in terms of both species richness and the Shannon index) was significantly higher in omnivorous insects than in stenophagous (carnivore and herbivore) ones (Fig. 5) . This pattern could be explained by the assumption that omnivores would be expected to consume more different foods, including diverse bacterial species, than carnivores and herbivores; therefore, the higher level of bacterial diversity may be related to the consumed food types (65, 66) . In addition, detailed statistical comparisons of bacterial communities to determine the effects of different factors by using AMOVA, ANOSIM, and UniFrac analysis (see Table S4 in the supplemental material) showed that there were significant differences within each major factor but that each difference between groups was variable. In particular, the R values from ANOSIM among the four groups classified by diet were negative, indicating a high level of within-group variability. The gut microbiota of honeybees were clustered separately from those of other insects (Fig. 6b) but were not separated in relation to host diet, habitat, phylogenetic position, or developmental stage (see Fig.  S4 ). This supports the findings of a previous study (12) showing that host diet appears to affect the composition of the gut microbiota in some, but not all, groups of insects. As a general conclusion, our findings suggest that some groups within the microbiota and bacterial richness in the insect gut may be affected by host diet, habitat, and developmental stage.
Despite some profound differences in the factors that could influence bacterial composition in the guts of the honeybee (collected from five locations), planthopper, and yellow ladybird, which consume the same diet despite insect metamorphosis (67, 68) and were collected at different developmental stages, there were still some shared sequences that may represent members of the core microbiota in their guts. Microbiomes such as the human gut (69), the human oral cavity (70) , and zebrafish guts (71) have also been investigated using a deep-sequencing approach. In the present study, Lactobacillus and Ralstonia species were recorded in the guts of Apis mellifera and Illeis koebelei, respectively, and this was consistent regardless of locality and developmental stage. Although the factors that influenced the development of particular shared OTUs in the insect gut remain unresolved, the identification of phylotypes comprising the core microbiota may provide fundamental information to enable diagnosis of physiological states of insects, as demonstrated in the study of the core human gut microbiome (69) . Further studies might be needed to understand the coevolution mechanism of host and core microorganisms. The present study outlines a detailed investigation of the composition and diversity of the gut microbiota of 305 individual insects from 218 species belonging to 21 taxonomic orders of Insecta, using 454 pyrosequencing of the 16S rRNA gene. The current study shows a higher bacterial diversity in insect guts, a remarkably diverse population of novel bacterial taxa, and a broad distribution of the host-specific bacteria from a wide range of insect hosts. We also found significant differences in the relative abundances of anaerobes in insects, regardless of the categorization factors and of the gut bacterial diversity according to host diet and developmental stage, as well as the possible core microbiota in a few insect groups. Although there are limitations of this study, such as the sequencing depth per sample being insufficient to reach saturation for some of the samples and the lack of consideration of age, sex, and biological replicates of the samples, this study presents basic information on both the microbial diversity in the guts of insects and the associations of microbes and their hosts. This order-spanning investigation of gut microbiota could be of value and interest in invertebrate microbiology, providing insights into the relationships between insects and their gut bacterial communities.
